Background: We prospectively examined skin cancer risk according to occupational exposure to aromatic hydrocarbons with adjustment for ultraviolet radiation exposure, in a cohort of 24 917 male offshore petroleum workers.
| INTRODUCTION
Non-melanoma skin cancer (NMSC) is the most common cancer worldwide, of which basal cell carcinoma (BCC), and squamous cell carcinoma (SCC) are the two most frequent subtypes. 1 Cutaneous melanoma (CM) has increased steadily on a global scale over the past 50 years and ranks as the sixth most frequent cancer in developed countries. 2 Norway has had a five-to ten-fold increase in incidence rates both for SCC and for CM since the 1950s until today. 3, 4 Mixtures containing aromatic hydrocarbons belong to the earliest recognized human carcinogens, with occupational skin cancer risks noted by Sir Percival Pott in the 18th century, and confirmed chemical links in early animal experiments with application of coal tar in the 1910s. 5 SCCs and premalignant skin lesions (ie, keratoacanthoma and senile keratosis) on hands and forearms have been reported in workers exposed to mineral oils. [6] [7] [8] [9] Over the last decades, excess CM risk and mortality have also been associated with operating and production work in the petroleum industry, 10, 11 and with exposure to mineral oils. 12, 13 In 2009, the International Agency for Research on Cancer (IARC) re-confirmed their conclusion from 1984 that mineral oils (untreated and mildly treated) cause cancer of the human skin, based on non-melanoma tumors.
Benzene has been linked to leukemia since the 1960s, [16] [17] [18] and was in 1982 classified as a human carcinogen by the IARC, taken to cause acute myeloid leukemia and possibly other lymphohematopoietic cancers. 15, 19 Papillomas and carcinomas of the skin and upper aerogastric tract have been found in experimental animals after oral and inhalation exposure to benzene. 15, 20 Benzo[a]pyrene has been classified as a human carcinogen based on animal experiments and mechanistic studies showing local and systemic effects on a broad spectrum of cancers, inclusive of skin cancer, as well as papillomas and
SCCs of the respiratory and gastrointestinal tract. 15, 21 However, classification as carcinogens for human skin has only been possible for exposure mixtures and exposure situations that may involve benzene and benzo [a] pyrene, such as shale oils, soot, coal tar pitch, and a number of occupational situations. 15 Ionizing radiation from X-and γ-rays has primarily been linked to BCC, while reports on the relation to SCC and CM are sparse. 22 Several jobs in the offshore petroleum industry entail dermal exposure to aromatic hydrocarbons during long-lasting work-shifts. 23 Both benzene and benzo [a] pyrene are natural components of the petroleum stream, 24, 25 and inhalation and dermal exposure may occur during drilling, production, and maintenance of systems that separate crude oil, natural gas, condensate, and water. 26, 27 Mineral oils are also widely used offshore during drilling, cutting and grinding operations, and for the running and maintenance of hydraulic and turbine systems. 27 Further, some offshore workers may experience low doses of X-and γ-radiation from well-logging by radioactive isotopes and welding seam inspection by radiography. 27 Ultraviolet radiation (UVR) remains the principal risk factor for both CM and NMSC. 22 Personal protective equipment covering most body parts is mandatory in the outdoor offshore work environment, and the potential for UVR exposure is mainly related to off-duty activities.
Norwegian offshore petroleum workers' high average income and long off-duty periods (3-4 weeks after 2-week work periods) make travelling to sunny destinations possible all year round. 28, 29 The need to control for UVR exposure when examining skin cancer risk according to chemical exposures was underlined two decades ago by Infante 30 and recently by Berwick et al. 31 To our knowledge, no study in humans has examined the risk of incident skin cancers with information on both aromatic hydrocarbons and UVR. As most patients survive their skin cancer, incidence data are superior to mortality data to identify possible associations with occupational exposures. In the present study, we prospectively examined skin cancer risk by anatomical site according to exposure metrics for crude oil, benzene, mineral oil and ionizing radiation among 24 917 male Norwegian offshore petroleum workers.
| MATERIALS AND METHODS

| Study population and study design
In 1998, the Cancer Registry of Norway (CRN) conducted a questionnaire-based survey among active and former offshore petroleum workers, and established a cohort of 27 987 individuals who confirmed offshore work on the Norwegian continental shelf for at least 20 days between January 1, 1965 and December 31, 1998 (inclusion criterion). The survey response rate has been estimated to be 69%, and the reader is referred to details on the cohort establishment elsewhere. 29, 32, 33 For petroleum workers with more than two offshore employments, information had to be extracted manually from the questionnaires. In order to limit the costs, this was done for a random subsample of the cohort (ie, subcohort), and for all workers with skin cancer according to a stratified case-cohort design. 34 For the subcohort, 1670 workers were drawn at random among 24 917 eligible workers, stratified on 5-year birth-cohorts, frequency matched to the birth year distribution of all potentially occupational cancers observed through 2009 (Fig. 1 ).
| Identification of cancer cases
The full cohort (n = 24 917) was linked to the national database of incident cancer diagnoses at the CRN, and to the Norwegian National Population
Register for data on vital status, year of death, and year of emigration, if relevant. Reporting of incident cancers to the Cancer Registry is compulsory in Norway, and data from a number of sources ensure a high degree of completeness and validity, also for NMSC and CM. 35 Cancer cases were required to be the first ever prospectively diagnosed skin cancer in each individual, and to be registered between June 30, 1999 In 2005, a group of experts in offshore industrial hygiene developed job-time-exposure matrices (JEMs) for a number of agents relevant for cancer studies in the present cohort, inclusive of skin contact with crude oil, inhalation of and skin contact with benzene, skin contact with mineral oil, and ionizing radiation. 27, 37 The JEMs were based on 27 job-categories, defined by job-titles reported in the 1998 survey, and the time periods 1970-1979, 1980-1989, and 1990-1999. For each combination of agent, job-category, and time period, semiquantitative exposure ratings were derived based on the experts' judgement of probability, frequency, and intensity of exposure. The final exposure ratings were given the following values: 0 = improbable exposure; 1 = possible exposure; 2 = probable exposure; and 3 = the highest relative exposure among job-categories with probable exposure. Details on the development of the expert based JEMdevelopment are provided in prior publications by the expert group. 27, [36] [37] [38] In the present study, the expert-based JEMs were used for skin contact with crude oil (ie, untreated oil directly from the petroleum stream), skin contact with mineral oil (eg, lubricants, hydraulics, turbine, denoted as mineral oil), and ionizing radiation. For another study on benzene and lymphohematopoietic cancers, the original benzene-JEM was further refined by using all available monitoring data and information on job specific tasks, including both inhalation and skin contact, described in detail by Bråtveit et al. 24 The relative contribution from inhalation and dermal absorption was not estimated. The refined benzene ratings were used in the present study and translated into corresponding estimates of parts per million (ppm) in the breathing atmosphere, following the procedure described by Stenehjem et al. | 681
Strata for cumulative, duration, and average intensity metrics were generated according to medians and tertiles among exposed workers in the full case-cohort set (unexposed, <median, ≥median; and unexposed, tertile 1, tertile 2, tertile 3; where ≥median and tertile 3 were representing the highest exposure level, respectively). Employment duration was categorized according to quartiles (0-6 years, 7-12 years, 13-18 years, 19-34 years).
Incidence rates (per 100 000) of CM and NMSC in the Norwegian male population by calendar year and age were obtained from the NORDCAN database (http://www-dep.iarc.fr/NORDCAN/English/ frame.asp) 39, 40 (Supplementary Material, Fig. S1 ).
| UVR exposure and education
Information on UVR exposure included self-reported sunburn frequency, sunbathing and solarium use before and after age 20 in the 1998 survey. Sunburn frequency (never, 1-3/year, ≥4/year)
showed a higher risk of skin cancer than sunbathing and solarium use did in initial analyses. For sunburn frequency before and after age 20, risk estimates of skin cancer were similar, but sunburn frequency after age 20 was assumed to be less vulnerable to recall bias and was chosen as the variable to represent UVR exposure in the final regression model. Education (compulsory, vocational training, upper secondary, university/college) was included as a proxy of socio-economic status, also derived from the 1998 survey.
| Data analysis
Cox regression, adapted to a stratified case-cohort design, 34 was used to estimate hazard ratios (HRs) of skin cancer with corresponding 95% confidence intervals (CIs). Cases were assigned a weight of 1 and subcohort non-cases were given weights according to the inverse sampling fraction from their corresponding 5-year birth cohort stratum. Robust variances were used to compute standard errors of the HRs. Age was used as time scale with entry at age by start of follow-up. Subjects were followed until date of cancer diagnosis, date of emigration, date of death, or end of study, whichever came first.
Twenty-seven cases were identified as members of the randomly drawn subcohort, and were analyzed as cases only (weight = 1). 34 Thus, the full case-cohort set consisted of 182 cases and 1643 subcohort non-cases (Fig. 1) .
Analyses of skin cancer on anatomical subsites of the upper limb were based on an a priori assumption that these body parts were more likely to be in direct dermal contact with hydrocarbons or to be more exposed to ionizing radiation or nuclides than the rest of the body. The decision to combine CMs and SSCs on the forearm and hand was made a priori based on the limited number of cases and supported by studies that also link CM to hydrocarbon exposure. [10] [11] [12] [13] Tests for interaction between aromatic hydrocarbon and UVR exposure were conducted by including interaction terms in a model for risk of upper limb cancer (n = 24 cases), using dichotomous variables of crude oil, benzene, sunburn, or sunbathing.
HRs were adjusted for potential confounding from age (as the time scale), education, and sunburn frequency (specified in each result In a supplementary analysis, risks were also assessed according to mineral oil exposure and ionizing radiation (Table SII) . In Table SIII, risks were assessed separately for CM and NMSC for all anatomical sites combined. Among the exposed, most estimates were below the null for both CM and NMSC, and tests for trend were not statistically significant. For a better understanding of the age-related risks, we
show that the CM incidence rate in the Norwegian male population was higher than that for NMSC (BCCs not included) until age 65 during the period 1999-2012 (Fig. S1 ). 
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| DISCUSSION
This study prospectively examined skin cancer risk, by anatomical site, according to exposure to crude oil, benzene, mineral oil, and ionizing radiation in a cohort of offshore petroleum workers employed 1965-1998 and followed 1999-2012. We found the skin cancer risk to be associated with length of employment and degree of exposure to aromatic hydrocarbons, in a cohort with an overall incidence rate at the population level. 32 For aromatic hydrocarbon exposure, the increased risk was restricted to hands and forearms, indicating that dermal Previous occupational studies on skin cancer typically have lacked information on UVR exposure, and have left uncertainty as to the role of this important risk factor. [10] [11] [12] [13] The number of skin cancers on anatomical sites with potential for direct exposure to hydrocarbons amounted to less than 10% of all diagnosed skin cancers in our study. The larger number of CMs compared to that of NMSCs was in line with the age-specific incidence rates for the Norwegian male population during the observation period 1999-2012. The NMSC incidence rate did not surpass that of CM before age 65, 39, 40 while the major part of the cohort members were in their 50s at start of this 13-year follow-up in 1999. We found employment duration to be significantly associated with NMSC risk, but not with CM risk (as shown in Table 2 ).
Our results for forearm and hand skin cancer accord with a number of historical reports in chimney sweeps, mule spinners, and workers of other trades associated with skin contact with aromatic hydrocarbons. 5 Moreover, our results are in line with those reported by Järvholm et al, 7, 8 who ascribed the risk of SCCs and premalignant skin lesions on the same anatomical sites to PAHs in cutting oils. While
Järvholm et al 8 inferred that at least some 15 years of exposure to mineral oils was necessary for the development of the observed premalignancies, we found increased risks of verified malignancies already after 6-14 years of exposure to mineral oil, although based on a low number of cases (Table SII) . This apparently stronger risk (shorter latency and confirmed malignancies) may be related to a higher concentration of aromatic hydrocarbons in the offshore work environment.
The observed dose-related risk pattern for hand and forearm skin cancer, appeared stronger for benzene than for crude oil, which accords with a higher specificity in the refined and task-specific benzene JEM, and although it suggests so, it may not necessarily imply an effect from exposure to benzene. The amount of dermal absorption captured by the benzene JEM is uncertain as the estimates were developed to capture total exposure burden, that is, uptake by inhalation and dermal absorption combined. 24 The contribution of dermal uptake to the total dose of benzene will depend on the exposure situation, and at present lack of data hampers a proper quantification of how much the dermal absorption contributes to the total uptake after handling crude oil. 41 Based on mice models, the absorption of benzene through human skin has been estimated to account for 20-40% of the total benzene uptake during tire-building operations. 42 In our study, duration of benzene and crude oil exposure were highly correlated, and we were unable to distinguish between possible effects from the two exposures in our analyses. Hence, we cannot exclude that the benzene component in crude oil to some extent contributed to risks seen according to duration and cumulative metrics of crude oil exposure and vice versa. To our knowledge, no earlier study in humans has examined skin cancer risk according to a benzene JEM, although cancers of multiple sites, including skin, have been observed in several benzene bioassays including oral administration, skin application, and inhalation. 15, 20, [43] [44] [45] In contrast to the observed risk patterns for forearm and hand cancers, no convincing association with aromatic hydrocarbons was seen for the remaining anatomical sites, although we cannot exclude Categories were generated according to the median among exposed workers in the full case-cohort set (182C/1643NC).
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| 685 increased risk estimates seen for cancer on hands and forearms according to duration of ionizing radiation may be related to the use of radioactive isotopes during well-logging and radiography during welding seam inspection, 27 although our estimates were not statistically significant.
Our cancer data were derived by electronic linkage of the cohort with unique personal identity numbers to a virtually complete population-based registry relying on compulsory reporting of incident cancers. Occupational exposure estimates were developed by an independent group of experts, and the quality of the benzene estimates has been confirmed by their ability to identify dose-related risks of acute myeloid leukemia and other lymphohematopoietic cancers in an earlier study. 33 Still, the exposure estimates were based on work-tasks for each job-category in different time periods, and individual exposure differences within job-categories and across offshore installations were not accounted for. Thus, some exposure misclassification obviously exists in our data. Also, our work history data were limited to those collected in the 1998-survey, and we could not account for change in exposure during follow-up. In the previous study on lymphohematopoietic cancers from this cohort, we simulated continued exposure for workers who were still employed by 31 December, 1998, accumulating their 1998 exposure value for each year of follow-up until censoring.
The results did not differ materially from those obtained with Categories were generated according to tertiles among exposed workers in the full case-cohort set (182C/1643NC).
benzene-exposure until start of follow-up only. Further, we cannot rule out recall bias of self-reported work history for individuals with a long time-period from last employment to the survey in 1998. A recall bias in the occupational histories would, however, be expected to relate to age, rather than to disease status, as workers diagnosed with skin cancer before start of follow-up in 1999 were excluded. A recall bias towards the null therefore seems to be the most likely effect.
In conclusion, our data show an association between skin cancer on forearms and hands and exposure to crude oil or benzene among offshore petroleum workers, independent of, or reinforced by, UVR exposure.
Dermal absorption of PAHs and benzene may explain this effect. 
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